High energy ball milling and sonofragmentation were used successfully to reduce the crystallite size of calcium carbonate extracted from the eggshell. The ceramic was milled using either deionized water or stearic acid and then subjected to a subsequent size reduction by means of a tip horn. The thermal degradation of particles was influenced by the presence of stearic acid in milling process because it acts as a protective layer around eggshell particles. It was found that the reduction in crystallite size diminishes the degradation temperature and the presence of the surfactant may lead to a change in particle shape by trough a superplasticity phenomenon. Tubes, fibers and a rectangular prism were observed in Transmission Electron Microscopy.
Introduction
Eggs are considered a basic product in Mexican homes, México is ranked in fourth place in worldwide production with more than 2.5 millions of tons of fresh egg 1 . Not only, the egg withe can be utilized, but also, it is possible to take advantage of the residues: eggshell membranes and eggshell. This means that egg byproducts can be used in many applications, from the simplest but useful like mixing the eggshell with waste of rice, potatoes and grass to produce a compost that reduce the content of lead 2 , to more complex like the utilization of membranes in the detection of urea 3 . On the other hand CaCO 3 has been widely studied due to its chemical stability and mechanical reinforcement ability [4] [5] [6] . Lately, particle size has taken importance in tailoring final properties of CaCO 3 -composites and in the ceramic material itself. Several efforts have been made in order to achieve the nanometer size. For calcium carbonate the bottom-up method has been preferred, because it is easier to control size and morphology of particles [7] [8] . However, top-down technics have been applied successfully to obtain CaCO 3 nanoparticles. Hassan et al. (2014) 9 reported a size reduction of eggshell particles until 10 nm by using a process of 10 h milling followed by the passage of ultrasound in a slurry of ES and dimethylformamide. Mosaddegh (2013) 10 applied a similar but shorter process to get eggshell nanoparticles, other works reports the use of ultrasound process as a good path for crystallite size reduction [11] [12] . It is well known that the passage of ultrasound in a liquid leads to an acoustic cavitation phenomenon implaying the increase of temperature and pressure 13 . After the implosion other secondary effects appear: microjets, micro streams, shock waves, turbulence, shear forces, etc 14 . Microstreams drive the smallest particles and also make them hit each other 15 . The results of these secondary effects are deaglomeration and particle size reduction (sonofragmentation) 16 , the enhancement of chemical reactions (sonochemistry) 17 , the growth of crystals (sonnocrystalization) 16 , the dispersion and stabilization of emulsions 18 , and others like mixing, surface cleaning, dispersing, cell disruption, degassing, etc 19 . Sonofragmentation studies as a discipline has been made previously [20] [21] . But for sonofragmentation of ceramics the breakage of particles is controlled by the shock wave itself 22 the slurry concentration is independent of sonofragmentation, and this leads that particle-particle collisions have not a dominant effect on size reduction.
In this investigation a combination of high-energy ball milling and sonofragmentation was applied to get stable nanoparticles, the method proposed by Hassan et al. (2014) 9 was slightly modified and nanoparticles were characterized by means X-Ray Diffraction (XRD), Thermogravimetric analysis (TGA) and Transmission electron microscopy (TEM) in order to evaluate the effect of method in crystallite size.
Methods

CaCO 3 particles size reduction
After eggshells collected from household were washed a first size reduction was done using a blender, afterward, the powder was soaked in acetone for 2 h in order to separate the CaCO 3 from organic compounds, this sample was designed 10 ) was performed in a SPEX 8000M high energy ball mill during 10 h using as lubricant either 10 ml of distillated water (wet milling) or stearic acid (SA) (dry milling), (subscript in M indicate the ball milling time, subscript in US indicates the amplitude in ultrasound conditions respectively), in a 10/1 ratio (liquid/solid). Finally, both groups of particles were sonicated, using distillated water for particles milled in water and alcohol for particles milled in SA, for 1 and 5 h (M 10 US) (samples were identified as C-M 10 US 50 t=1 and C-M 10 US 50 t=5 respectively) [9] using a UP200Ht Hielscher ultrasonic horn, with a 26 KHz frequency and a tip diameter of 7 mm.
Characterization methods
In order to know the crystal structure of CaCO 3 extracted from eggshell, and all samples after each size reduction step, an X-ray diffraction analysis (XRD) was performed using a Bruker Advance D8 diffractometer with monocromatic Cu-kα radiation, wavelenght (λ) of 0.15406 nm, in a range of 20 to 80° (2θ) with a scanning speed of 4˚/min. From the XRD patterns the crystallite size was calculated based on the Scherrer equation and using the (h k l) indexes corresponding to (1 0 4) signal of calcite:
Where k is a shape factor (0.9), λ = 0.15406 nm, β is the full width at half maximum (FWHM) and θ is the angle of (1 0 4) peak. The thermal degradation behavior of all samples was studied by means of a SDT TA Instruments model Q600 analyzer, from ambient temperature until 1000 °C, with a heating rate of 10°C/min, in a nitrogen atmosphere. The morphology of CaCO 3 nanoparticles was observed in a JEOL JEM-1010 with a voltage operation at 80 kV. The samples were prepared using routine methods.
Results
The Figure 1 shows X-ray diffractogram for samples B, M 10 and C-M 10 , the characteristic pattern of calcite is observed in all of them. The peak at 2θ=29.4 is representative of calcite, there is only few differences among the intensity of this peaks, which can be translate into changes in crystallite size, small and broad peaks means a smaller crystallite 23 . Table 1 display the size of crystallite of each sample. After the size reduction made with a blender the crystal size is 51.9 nm, during the ball milling using water as lubricant the crystal is reduce until 30.1 nm, while for those milled with SA the crystallite size is 23.3 nm. It can be observed the crystalline size reduction, because the impact of the balls leads to deformation and loss of crystallinity [24] [25] [26] . The eggshell particles suspended in ethanol and water, do not show a crystallographic change, remaining calcite structure in all samples. The data presented in that SA reduces the crystalline size. This may be explained because there are 2 mechanisms which take place during a grinding with additives, one is based on the reduction of surface energy and the other one is due to surface hardness [27] [28] . The second mechanism is flowability, and it also has to do with the reduction of surface energy. Moreover, SA is considered an internal and external lubricant, namely, reduces friction among particles, and between particles and in the mill internal surface [29] [30] , and this also increase flowability. Comparing the influence that water and AE have during the milling, it can be observed that the effect of SA takes CaCO 3 particles to a lower crystalline sizes, both, water and SA increase flowability, but only SA can remain particles separated once the process is over. Table 1 shows results of crystallite size after sonofragmentation. Particles that were ball milled in water and then were subjected to sonofragmentation showed practically the same crystal size as sample that was just milled. Only sample M 10 U 100 t=5h, that was treated for 5 h with a 100% of wave amplitude, had a smaller crystallite, in this case, size was reduce until 24.5 nm. The smaller crystallite was found to be 19.3 nm, this could mean that a limit was reached because a particle limit size is reached [31] [32] . The Figure 2 shows thermograms of SA and samples after first and second attrition, degradation temperature (T d ) of all samples are indicated in table 1. As can be observed in Fig. 2 , there is only one step during thermal degradation for SA meaning that this fatty acid is decomposed in one step leaving 2wt% of residues. The T d for SA according to DSC was 274.1 °C. For samples B and M 10 there is also one degradation step, but for sample coated with SA in a ball mill (C-M 10 ) the first weight lost appears at 454.9 °C. Hence, there has been adsorption of SA on CaCO 3 surface during the milling, the SA can be adsorbed by CaCO 3 when a wet method is employed 28 . For these materials it was found 3 degradation steps in a DTA analysis from a region between 200 and 400 °C; one below the T d of SA related to weak bonds between the organic acid and CaCO 3 (physisorption), another one around SA's T d attributed to free SA, and a last one above the degradation temperature of the acid, associated with strong bonds or chemisorption. When dry milling method was employed, the ion calcium (-Ca+) joins an acid molten molecule to form calcium stearate and bicarbonate 33 .
Since for sample C-M 10 there is only one step before the conversion from calcium carbonate to calcium oxide (CaO) and this step take place in a temperature above the T d of SA, a chemisorption has been occurred during the dry milling 28, 34 , SA does not physically absorb on CaCO 3 surface during dry milling 35 due to a combination of high temperature and high energy impacts by balls during the milling.
This phenomenon also appears in thermograms for samples C-M 10 after sonofragmentation (Figure 3) , therefore, the chemisorption effect and the "fused" layer are present after ultrasound passes thru samples. Hence, the amount of energy and time during ultrasound treatment, do not affect the bound between CaCO 3 and SA formed during milling. It was also detected a loss of water of approximately 1%w before 200°C. For samples M 10 there is a first section between 200 and 600 °C where a maximum of 5%w was lost, this is caused by the thermal degradation of organic components that remain in the ceramic extracted from eggshell 36 . T d results from Table 1 show that Sample B has a degradation temperature of 795.4°C. As the crystallite size is reduced T d has the same effect, for smaller crystallites T d is lower, and for samples M 10 and C-M 10 T d is 734.7 and 724.7 respectively. After sonofragmentation all samples ball milled at 10 h have the approximately the same T d and the same crystallite size, except sample ball milled at 10 h. Therefore, the smaller the crystallite size the lower the decomposition temperature. But this tendency seams to break for samples C-M 10 after the ultrasound treatment. For these materials not a clear trend can be described.
Ball milling time seems to be the key to get finer nanoparticles; in Figure 4 (a) sample C-M 10 U 50 with a sonofragmentation time of 1 h shows nanoparticles with no homogeneus distribution size but with smaller particles than sample C-M 10 U 100 t= 1 h, that is displayed in Figure 4 conditions like: plastic deformation [37] [38] , ultrasonic spot welding (dry conditions), or by the influence of ultrasound in a liquid solution 21 . The figure 5 shows TEM micrographs for particles grinded in water and SA sonicated with amplitude of 50% and 100%, and sonication time of 1 and 5 h. When sonication time increase, the particle shape changed from a figure similar to a rectangular prism to form a tube shape appearance ( figure  5 a and 5b) , with a lenght of approximately 600 nm. The figure 5(d) shows that these shapes could be tubes with a diameter of 100 nm, but is not possible to confirm if they are hollow tubes. On the other hand, Figure 5 (e) shows another type of filaments, in this micrograph the figures are not so similar to those shown above. More exceptional TEM micrographs were obtained from this experiment and Figure 5 (f) displays CaCO 3 fibers-like shapes. There are reports of obtaining of rectangular prism in hydrothermal synthesis of aragonite 39 , but with a longer and narrower shape, they described them as whiskers. The synthesis of inorganic nanotubes has been known since 1992 4 when it was reported the route of production of WS 2 cylindrical structures. Since then, numerous layered compounds have been turned into tubes.
As well some authors have been able to synthesize CaCO 3 showing several shapes like rods and spheres with an aragonite and vaterite crystalline structure respectively, aragonite with tubes or whiskers shapes 39 , flakes of vaterite or aragonite, or in some cases a mixture of both structures [40] [41] , but, in all cases the CaCO 3 was obtained by a chemical reaction.
Conclusions
The use of a surfactant during the ball milling of eggshell reduces the time and wave amplitude needed to get a smaller grain size. A grinding limit was reached with ten hours of milling in stearic acid and 1 hour of sonofragmentation. The presence of stearic acid creates two degradation steps, and a smaller crystallite reduces the degradation temperature of CaCO 3 . The microscopy study reveals superplasticity activity when 5 hours of ultrasound is applied to this ceramic. It also shows that an exfoliation took place during the whole process, giving place to the development of prisms and tubular CaCO 3 shapes. A mechanical route can be followed in the preparation of nanotubes of calcite.
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